Bulk metallic glass of Cu 60 Zr 20 Ti 20 composition has been synthesized by copper mold casting. Slices of the as-cast glass has been subjected to severe plastic deformation by high-pressure torsion for different whole turns. The microstructure and the thermal behavior of the deformed disks have been investigated by X-ray diffraction and differential scanning calorimetry. It was confirmed that the initial compression preceding the high pressure torsion induces crystallized structure, which shows only minor further changes upon the severe plastic shear deformation achieved by twisting the sample. The X-ray line profiles have been evaluated by the Convolutional Whole Profile Fitting algorithm in order to determine the evolution of the microstructural parameters, such as the median and variance of the crystallite size distribution, average crystallite size and dislocation density as a function of the number of revolutions. Hardness measurements by nanoindentation have also been carried out on the as-cast alloys and the deformed disks.
couple of decades due to their special mechanical properties, such as high tensile strength and hardness, large elastic strain and high stored elastic energy [1] [2] [3] , which are directly connected to the lack of structural faults such as dislocations and grain boundaries [4] [5] [6] [7] . Nevertheless, the wide-spread application of BMGs has not occurred yet because of brittleness, expensive alloying components and the required precise preparation conditions [4] [5] [6] [7] [8] .
Among the large variety of BMG classes, Cu-based metallic glasses are one of the most intensively studied alloys, since they possess high glass forming ability (GFA) [9, 10] , excellent corrosion resistance [11, 12] and some intrinsic plasticity [13] [14] [15] . It was found that the thermal stability is decreasing with increasing Ti-content and the maximum belongs to Cu 64 Zr 28.5 Ti 17.5 [16] . The glassy concentration range in the ternary Cu-Zr-Ti system can be predicted by the calculation of vacancy formation energy, mixing enthalpy and configurational entropy [17] . The GFA of the binary Cu-Zr system is so high in wide composition range that it is possible to cast alloys in bulk glassy form [18, 19] . During tensile deformation Cu-Zr-based BMGs polymorphically precipitate nanocrystals [20] , which are responsible for macroscopically detectable plastic strain and work hardening [21] . Following the glass transition, devitrification of the ternary Cu-Zr-Ti system usually occurs in two subsequent crystallization events, i.e. the first stage is characterized by the formation of Cu 51 Zr 14 nanocrystals embedded in the residual amorphous matrix [22] , while the crystallization is completed during the second step, when the precipitation of hexagonal Cu 2 ZrTi-like phase takes place [23] . Ordered local nanocrystallization can also take place in a Cu-Zr-Ti metallic glass during ion bombarding, which feasibility strongly correlates with the glass transition [24] . Surprisingly, the devitrification of a Cu 60 Zr 30 Ti 10 metallic glass commences by the nucleation of Cu-rich cubic nanometer-sized crystals which are randomly distributed in the residual amorphous matrix [25] . Isothermal annealing of the Cu 60 Zr 20 Ti 20 alloy below the glass transition revealed that atomic diffusion in the amorphous matrix proceeds with a decreasing nucleation rate [26] .
Besides nanocrystallization, the ductility of metallic glasses can be significantly increased by dispersing the macroscopic external strain among several competitive shear bands developed in the amorphous structure either by structural and/or compositional inhomogeneities [27, 28] or by surface constraint techniques [29] [30] [31] [32] [33] [34] [35] [36] . Among the large number of severe plastic deformation techniques, high-pressure torsion (HPT) has received a remarkable attention in the last decades due to the very high applied shear strain in a practically large sample volume [37, 38] . In brief, during the HPT deformation technique, a specimen of disk-shape is placed between two stainless steel anvils and subjected to simultaneous uniaxial load and torsional straining [39, 40] . The microstructural and morphological features, mechanical properties and thermal behavior of an amorphous Cu-Zr-Ti metallic ribbon pieces compacted and deformed by HPT have been correlated by the calculated temperature evolution in the HPT-disk based on a heat-conduction model [41] [42] [43] . The effect of the parameters of the HPT-device, i.e. the shear rate [44] and accumulated shear were demonstrated in details [45] .
In the present research the effect of shear strain on the microstructure, thermal stability and mechanical behavior of amorphous Cu 20 Zr 20 Ti 20 BMG deformed by HPT will be presented.
Experimental

Sample preparation
Bulk metallic glass rod (diameter 5 mm) with Cu 60 Zr 20 Ti 20 nominal composition was cast by suction casting into a Cu-mold in an arc furnace from liquid state under purified Ar atmosphere. The master alloy was produced in the same furnace by arc melting the high-purity components (>99.9%) and then the ingot was flipped and remelted several times, to ensure compositional homogeneity.
For subsequent HPT processing, the as-cast BMG cylinder were cut into slices with a height of 1 mm and radius 2 mm. The HPT procedure was carried out on these disks in air, under an applied pressure of 8 GPa at room temperature with an angular velocity of ω = 0.2 revolution/min for N=0.2, N=1 and N=5 revolution. For comparison a disk without torsion (N=0) was also prepared. Generally, the shear strain for torsion deformation at a radius r can be represented by
where θ and L are the rotation angle and the thickness of the disk, respectively. For large strains (i.e. at the perimeter of the disks), the corresponding accumulated strain can be given as [38] ϵ ≈ ln Table 1 tabulates the and ϵ values for all the deformed disks at the perimeter (r=2 mm). In the experimental setup of the HPT the stainless steel anvils followed a constrained geometry [37] . Marker lines drawn on the surface of the disks indicate that slippage between the disk and anvil was negligible. 
Microstructural characterization
The microstructure of the as-cast and deformed samples was examined by X-ray diffraction. The measurements were carried out on a Rigaku SmartLab diffractometer in θ-2θ geometry using Cu-Kα radiation. The data were collected from 20 ∘ to 75 ∘ with a step size of 0.01 ∘ . Cell parameters of the crystalline phases were determined from peak positions after deconvolution of the overlapping peaks. X-ray diffraction peak profile analysis is a powerful tool to determine the microstructural properties of nanostructured materials. In the present investigations we applied the Convolutional Multiple Whole Profile (CMWP) fitting procedure which incorporates the direct fit of the whole measured diffraction pattern by the sum of background, theoretically constructed profile functions and measured instrumental profiles [46] . As known, the contribution of the coherently scattering domain size and the lattice strain on peak broadening can be separated on the basis of their different diffraction order dependence. In brief, these profile functions are determined for each reflection of each crystalline phase as the inverse Fourier transform of the product of the theoretically well-established size and strain Fourier coefficients providing both the size and strain parameters of the microstructure [47] . It is assumed that the crystallites have a lognormal size distribution:
where σ and m are the variance and median of the distribution, respectively. Accordingly the average size of the coherently scattering domains can be expressed as
The CMWP algorithm also provides the strain parameters, i.e. the average dislocation density (ρ) can also be determined.
Imaging of the sample surface of the as-cast and deformed samples was performed in a tabletop Hitachi TM4000Plus scanning electron microscope (SEM) in back scattered electron (BSE) mode using 10 keV electrons.
Thermal characterization
A Perkin Elmer power compensated differential scanning calorimeter (DSC) was applied to investigate the thermal behavior and crystallization sequence of the as-cast Cu 60 Zr 20 Ti 20 BMG rod and the deformed specimens in a linear heating ramp performed at a scan rate of 20 K/min. All measurements were carried out under protective Ar atmosphere. The temperature and the enthalpy were calibrated by using pure In and Al. Each measurement was followed by a second run in order to obtain the baseline.
Hardness measurements
Depth sensing nanoindentation tests were carried out on polished circular planes of the deformed HPT disks and on a reference as-cast sample. For each samples, 225 nanoindentations tests arranged in 15 x 15 matrix with neighbor spacing of 50 µm were carried out by an UMIS CSIRO nanoindentor using a Vickers indenter head and applying maximum loads of 50 mN at a loading rate of 0.5 mN/s. The hardness in each test was determined by the Oliver-Pharr method [48] . Based on the high number of hardness values, a hardness distribution was calculated for each sample using a 0.25 GPa bin size.
Results and discussion
The XRD pattern of the as-cast Cu 60 Zr 20 Ti 20 BMG is dominated by a broad halo (2θ~42 deg) which confirms that the material is X-ray amorphous ( Figure 1 ). The corresponding continuous heating DSC thermogram exhibits the typical features of a metallic glass, i.e. the glass transition (Tg=703 K) is followed by a two-step crystallization process characterized by T 1 =742 K and T 2 =782 K transformation temperatures (see Figure 2a ), in agreement with literature data [23] . The exothermic heat release (∆H BMG =56 J/g) corresponds to the enthalpy of crystallization is somewhat larger than that was obtained for an amorphous ribbon of similar composition (∆H ribbon =49 J/g) processed by the melt-spinning technique [23] . Isothermal annealing experiment taken close to the glass transition (Tann=700K) exhibits a monotonously decreasing curve (Figure 2b ). The lack of any significant exothermic peak on the isothermal heat signal may correspond to limited nucleation of crystalline products, while the decaying signal relates to a simple growth process of very tiny crystalline embryos, which are already present in the as-cast glass [49] .
The diffractograms taken on the surface of the deformed disks indicate that the plastic deformation results in a drastic change in the microstructure (see Figure 1 ). All patterns exhibit several well defined Bragg-peaks corresponding to intensive crystallization, nevertheless a minor amorphous component can still be recognized for each deformation state. The XRD pattern corresponding to the N=0 disk is already characterized by the peaks of hexagonal Cu 51 Zr 14 (p6/m) and hexagonal Cu 2 ZrTi (p6 3 /mmc) phases. It is noted that these phases are identical to those that form after thermal annealing of the same system [23] . Interestingly, the HPT deformation of the Cu-Zr-Ti system produced by melt-spinning (obtained at a significantly higher cooling rate) results in a remarkably different mi- crostructure [41] . Namely, the deformed melt-spun material still contained a major amorphous component, with only~20 percent of Cu 51 Zr 14 and Cu 2 ZrTi nanocrystals embedded in the matrix [41] . The difference in the microstructure of the as-cast BMG rod and melt-spun amorphous Cu-Zr-Ti ribbon and the corresponding HPT induced devitrification products are presented by schematic free energy curves in Figure 3 . Presumably, as some crystalline embryos already exist in the present as-cast BMG and are absent in the as-spun ribbon of the same composition (see the bottom images in Figure 3 ), the activation barrier for crystallization (indicated as ∆G*) is significantly reduced for the BMG rod with respect to the as-spun ribbon, due to the slight enthalpy increase (∆H BMG >∆H ribbon ). Therefore we can conclude that the presence of the embryos in the asprocessed state can promote the devitrification [50] , which is already manifested in the formation of crystalline products during the initial plastic deformation of the compres- Bottom images indicate that the as-cast BMG glass contains crystalline embryos, contrary to the as-spun ribbon, which is fully amorphous. The microstructure obtained after HPT deformation also reveals significant differences, the strained BMG is almost fully crystalline, while the deformed ribbon still contains a significant amount of the amorphous phase. sion of the HPT (N=0), as was confirmed by the corresponding XRD pattern in Figure 2 . As one can notice, there is only a slight change in the patterns when the shear straining is introduced, the peaks become more broad and overlap each other as the number of rotations (N) increases. At the same time the corresponding DSC signals also undergo significant changes (see Figure 2a ). The glass transition practically vanishes for all deformed samples while the total enthalpy release (∆H BMG ) drops down to~7-10 percent of the initial value, confirming that HPT results in an amorphous nanocomposite structure with only small amorphous content. Detailed analysis of the XRD peak positons revealed the a parameter of both hexagonal phases is, on average, about 0.4-0.5 percent lower than the literature value (Figures 4a and b) , while the c parameter of the Cu 2 ZrTi phase slightly exceeds it at the initial (N=0) and final (N=5) stages of the HPT deformation. On contrary, the c parameter of the Cu 51 Zr 14 phase is systematically and significantly smaller, reaching a minimum of 96.7 percent of the literature value at the early period (N=0.2) of deformation, while it increases up to~100 percent at the largest deformation (N=5). From the lattice parameters plotted in Figure 4 , one can calculate the unit cell volume of the two hexagonal phases. Accordingly, this volume shows an increasing trend with the rotation number from a value 4 percent below the literature data to minus 1 percent for the Cu 51 Zr 14 phase, while it is about 1% less for the Cu 2 ZrTi phase, independent of the applied shear strain. The difference between the calculated and the literature unit cell parameters may be explained by the difference in the composition of the as-cast Cu 60 Zr 20 Ti 20 material and the mixture of the Cu 51 Zr 14 and Cu 2 ZrTi phases with exact stoichiometric composition. In details, the mixture of the two phases lacks about 10 at.% Zr and substitution of Zr with the Cu or Ti atoms should result in distortions of the equilibrium crystalline structures due to the large size difference (r Cu =1.35Å, r Ti =1.4Å, r Zr =1.55Å) of the components. On average, the radius of a Zr atom is 11-15% higher than that of the two other components, therefore substitution of 10% Zr atom is equivalent to 3-4.5% volume change if the metallic crystalline structure relaxes to fill the available volume optimally. Evidently, this volume change is in good agreement with that of the Cu 51 Zr 14 phase (about 4%), but for the Cu 2 TiZr lattice the measured volume change is smaller (it is about 1%), which indicates some stability and less relaxation possibility in the structure with the smaller unit cell.
A typical example of the CMWP fit together with the measured signal and difference plot is shown in Figure 5 . An almost perfect overlap between the whole fitted and measured patterns is evident, confirming that the numerical iteration during the CMWP analysis converged satisfactorily. From the available data of m and σ, the normalized crystallite size-distribution functions (see Eq. 2) can be constructed for both hexagonal phases. As seen in Figure 6a , the histograms corresponding to Cu 2 ZrTi obeys a significant narrowing with increasing torsional straining accompanied with a shift of the median to lower values indicating a homogenization on nanoscale and a simultaneous size reduction, even though a slight broadening of the histogram occurs at the final stage of the deformation (N=5). At the same time an almost gradual homogenization and crystallite size reduction can be visualized in Figure 6b for the Cu 51 Zr 14 phase. The corresponding calculated ⟨D⟩ values are plotted for both hexagonal phases in Figure 7a . As seen, there is an overall gradual decreasing tendency with increasing strain, reaching a final value of ⟨D⟩=10 nm and ⟨D⟩=4 nm for the Cu 2 ZrTi and Cu 51 Zr 14 phases, respectively. The average dislocation density values also obeys a decreasing tendency with the torsion number, indicating that part of the dislocations generated during the initial compression are annealed out during the subsequent shearing (Figure 7b ). It is noted that the calculated average dislocation distance (L C = ρ −1/2 ) considerably exceeds the obtained average crystallite size ⟨D⟩ at each deformed states for both phases, which means that most of the grains can be considered as defect-free. Accordingly, only~10 percent of the crystallites contains at least one dislocation for the N=5 state. Figure 8 shows BSE images of the surface of N=0, N=0.2, N=1 and N=5 deformed samples. As seen in Figure 8a , homogeneous sample surface with some cracks can be observed in N=0 sample. The cracks possibly opened up after unloading from high pressure compression test and they disappear after severe shear deformation with N=0.2, N=1 and N=5 (cf. Figure 8b-8d ). Based on the sensitivity of the BSE SEM mode on concentration fluctuations, the homogeneity of the as-cast alloys was retained for the N=0 sample below the submicrometer range. However, in subsequent shear deformation in HPT (Figure 8b-8d ), inhomogeneous pattern emerged above the resolution of the BSE mode, and periodic whiter and darker regions can be observed indicating decomposition of lighter and heavier elements in the homogeneous matrix. This inhomogeneity is the strongest for the N=0.2 sample indicating that beside the decomposition a homogenization process takes also place due to the severe shear deformation.
Hardness values determined from large number nanoindentation measurements for each sample are plotted as hardness distributions in Figure 9a -9e. The as-cast BMG exhibits a sharp HV distribution (Figure 9a ) comparing to the deformed samples. This is typical for metallic glass samples, which show homogeneity and are relatively free from internal stresses in the as-cast state. However, a minor subpeak in the HV distribution at about 10 GPa indicates some inhomogeneity in the microstructure of the as-cast BMG may relates to the presence of impurities or accidental devitrified region. The average of the HV distribution for the compressed sample (Figure 9b ) is in coincidence with the position of the subpeak in Figure 9a indicating that the whole sample (N=0) is devitrified after compression in good agreement with the XRD and calorimetric results (see Figures 1 and 2) . Figure 9f shows the average of the hardness (HV) for the as-cast and different deformed states. As seen, the HV value of as-cast sample reaches 11.64 GPa, while for the deformed samples the HV is first decreasing to 8.4 GPa and has a minimum for N=0.2 state and then it increases and reaches 10.4 GPa for N=5. This behavior is similar to the evolution of the micro scale decomposition observed in the SEM images (Figure 8 ). The increasing tendency of HV with a slightly decreasing evolution of ⟨D⟩ through torsion numbers from N=0.2 to N=5 can be explained by the Hall-Petch relationship [51] .
Conclusions
Bulk metallic glass rod of Cu 60 Zr 20 Ti 20 composition has been synthesized by copper mold casting technique. According to X-ray diffraction and linear heating calorimetric experiments, the as-cast glass is fully amorphous. Nevertheless the decaying heat signal recorded during isothermal annealing close to the glass transition temperature relates to a simple growth process of very tiny crystalline embryos. Slices of the as-cast glass has been subjected to severe plastic deformation by high-pressure torsion for N=0.2, N=1 and N=5 whole revolutions. The following findings have been established:
• Intensive crystallization of the bulk glass takes place during HPT-deformation, including the simultaneous formation of hexagonal Cu 51 Zr 14 (p6/m) and hexagonal Cu 2 ZrTi (p6 3 /mmc) phases. • The CMWP X-ray line profile analysis revealed that there is an overall gradual decrease of the average crystallite size with increasing accumulated strain, reaching a final value of ⟨D⟩=10 nm and ⟨D⟩=4 nm for the Cu 2 ZrTi and Cu 51 Zr 14 phases, respectively. • The average dislocation density values also obeys a decreasing tendency with N, indicating that part of the dislocations generated during the initial compression are annealed out during the subsequent shearing. Despite the large dislocation densities, most of the grains can be considered as defect-free. • The average HV value of the as-cast sample is the highest among all the samples (11.64 GPa), while HV reaches a minimum (8.4 GPa) after N=0.2 revolutions.
The experiments carried out in this research indicate that quenched-in nuclei can limit the stability of BMGs against external mechanical impacts. In the future, therefore other Cu-Zr-Ti BMGs containing additional metallic elements, along with alternative glass synthesis routes, can be in the forefront of materials research in order to eliminate the nucleus formation during casting.
